TGF-β & BMP Receptors Endoglin and ALK1: Overview of their Functional Role and Status as Antiangiogenic Targets by Jonker, Leon
Jonker,  Leon  (201 3)  TGF-  &  BMP  Rece p to r s  E n doglin  a n dβ  
ALK1:  Ove rview  of  t h ei r  F u nc tion al  Role  a n d  S t a t u s  a s  
Antia n giog e nic  Targ e t s.  Mic roci rcula tion,  2 1  (2). p p .  9 3-1 0 3.  
Downloa d e d  fro m: h t t p://insig h t .c u m b ri a. ac.uk/id/e p rin t/5 3 1 3/
U s a g e  o f  a n y  i t e m s  fr o m  t h e  U n i v e r s i t y  o f  C u m b r i a’ s  i n s t i t u t i o n a l  r e p o s i t o r y  
‘In s i g h t’  m u s t  c o nf o r m  t o  t h e  f o l l o w i n g  f a i r  u s a g e  g u i d e l i n e s .
Any  ite m  a n d  its  a s socia t e d  m e t a d a t a  h eld  in  t h e  U nive rsi ty  of  Cu m b ria ’s in s ti t u tion al  
r e posi to ry  Insig h t  (unles s  s t a t e d  o th e r wis e  on  t h e  m e t a d a t a  r e co r d)  m ay  b e  copied,  
di spl aye d  o r  p e rfo r m e d,  a n d  s to r e d  in  line  wit h  t h e  JISC  fair  d e aling  g uid eline s  (available  
h e r e ) for  e d u c a tion al a n d  no t-for-p r ofit  a c tivitie s
pr ovid e d  t h a t
•  t h e  a u t h o r s ,  ti tl e  a n d  full bibliog r a p hic  d e t ails  of t h e  it e m  a r e  ci t e d  cle a rly w h e n  a ny  
p a r t
of t h e  wo rk  is r ef e r r e d  to  ve r b ally o r  in  t h e  w ri t t e n  for m  
•  a  hyp e rlink/URL  to  t h e  o rigin al  Insig h t  r e co r d  of  t h a t  it e m  is  inclu d e d  in  a ny  
ci t a tions  of t h e  wo rk
•  t h e  co n t e n t  is  no t  c h a n g e d  in a ny  w ay
•  all file s  r e q ui r e d  for  u s a g e  of t h e  it e m  a r e  k ep t  tog e t h e r  wi th  t h e  m ain  it e m  file.
You m a y  n o t
•  s ell a ny  p a r t  of a n  it e m
•  r efe r  to  a ny  p a r t  of a n  it e m  witho u t  ci t a tion
•  a m e n d  a ny  it e m  o r  con t ext u alise  it  in  a  w ay  t h a t  will  imp u g n  t h e  c r e a to r ’s 
r e p u t a tion
•  r e m ov e  o r  al t e r  t h e  co pyrig h t  s t a t e m e n t  on  a n  it e m.
Th e  full policy ca n  b e  fou n d  h e r e . 
Alt e r n a tively  con t ac t  t h e  U nive r si ty  of  Cu m b ria  Re posi to ry  E di to r  by  e m ailing  
insig h t@cu m b ria. ac.uk .
 TGF-β & BMP receptors endoglin and ALK1: overview of their function and status as 
potential anti-angiogenic targets. [150 char max; currently 115] 
 
Running title: endoglin & ALK1 signalling and disease [40 char max; currently 39] 
 
 
Leon Jonker PhD 
 
 
Dr Leon Jonker, R&D Manager, North Cumbria University Hospitals NHS Trust, Cumberland 
Infirmary, Newtown Road, Carlisle, CA2 7HY, United Kingdom. E-mail 
leon.jonker@ncuh.nhs.uk, telephone 01228 423444 ext 3445, fax 01946 523410 
 
 
 
 
 
  
 
Abstract [maximum of 200 words; currently 180] 
The formation of new blood vessels from existing vasculature, angiogenesis, is facilitated 
through a host of different signalling processes. Members of the transforming growth 
factor-beta (TGF-β) superfamily, TGF-β1, TGF-β3, and BMP9, are key propagators of both 
inhibition and initiation of angiogenesis. Hereditary haemorrhagic telangiectasia (HHT), 
characterised by arteriovenous malformations and capillary bed defects, is caused by 
germline mutations in the ENG and ACVRL1/ALK1 genes respectively. Clinical symptoms 
include epistaxis and gastrointestinal bleeds. The membranous receptors endoglin and ALK1 
activate proliferation and migration of endothelial cells during the angiogenic process via 
downstream intracellular SMAD signalling pathway. Endothelial cell senescence or 
activation is dependent on the type of cytokine, ligand concentration, cell-cell interaction 
and a multitude of other signalling molecules. Endoglin and ALK1 receptor levels in tumour 
vasculature correlate inversely with prognosis in humans, whereas in mice, endoglin 
deficiency decelerates tumour progression. Therefore, endoglin and ALK1 have been 
identified as potential therapeutic targets for antibody treatment in various cancers. Early 
phase clinical trials in humans are currently underway to evaluate the efficacy and safety of 
biological therapy targeting endoglin/ALK1 mediated cells signalling.    
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List of abbreviations 
 
ACVRL1 / ALK1 ALK-1 gene 
ALK  Activin-like kinase  
BMP Bone morphogenetic protein 
dpc Days post-coitum 
ENG Endoglin gene 
HHT Hereditary haemorrhagic telangiectasia  
HUVEC  Human umbilical vascular endothelial cells 
TGF-β Transforming growth factor-β  
  
Introduction 
Since mutations in the genes encoding its receptors were first identified in patients with 
hereditary haemorrhagic telangiectasia in the mid-1990s, knowledge of the biological 
function of signalling receptor ALK1 co-receptor endoglin has increased dramatically. Both 
were originally annotated as transforming growth factor-beta (TGF-β) receptors (Cheifetz 
1992; ten Dijke 1994), but this classification has since been challenged through data 
published by various research groups (Bailly 2008). Elucidation of TGF-β family signalling 
involving endoglin and ALK1, particularly the near exclusive presence of both proteins in 
activated vascular endothelium (Goumans 2008), has led to pharmaceutical companies 
targeting this pathway for therapeutic purposes in oncology (Cunha 2011; Fonsatti 2010). In 
this review we summarise the unravelling of ALK1 and endoglin mediated TGF-β superfamily 
signalling, and give a concise overview of the implications of changes in endoglin and ALK1 
levels in disease and efforts to target their common signalling pathways in biological cancer 
therapy.  
 
TGF-beta signalling in vascular development  
The TGF-β cytokine family consists of a variety of signalling proteins including TGF-β1, 2 and 
3, bone morphogenetic proteins (BMPs), activins, glial cell line-derived neurotrophic factors 
(GDNFs) and growth differentiation factors (GDFs) (Massague 2000). TGF-β and BMP 
receptors ALK1 and endoglin are essential for embryonic vascular development. 
Homozygous deficient endoglin and Alk1 mouse embryos do not develop past mid-gestation 
due to lack of vascular growth in the yolk sac. Furthermore, TGF-β type II receptor and ALK5 
deficiency also leads to death in utero (Oshima 1996; Li 1999; Arthur 2000; Urness 2000).  
Endoglin is expressed in mice as early as 6.5 days post-coitum (dpc), prior to the first 
endothelial cells presenting in the mouse embryo (Jonker 2002). In humans, endoglin was 
found to be expressed almost exclusively in endothelium with transient upregulation of 
expression during cardiac development (Qu 1998).   
Mouse gene knock-out models have shown that TGF-β1 deficiency leads to embryonic death 
at mid-gestation due to deficiencies in yolk sac vascular development, a phenotype akin to 
that seen in the receptor knockout mice (Dickson 1995; Oshima 1996; Li 1999; Arthur 2000; 
Urness 2000). The most recently identified ligand, whose signal is propagated into 
endothelium by endoglin/ALK1, is BMP9 (David 2007; Scharpfenecker 2007). Knockout mice 
deficient for BMP9 are viable and fertile without major abnormalities detected (Ricard, 
2012). Since BMP9 and BMP10 are both capable of binding endoglin/ALK1, BMP10 may 
substitute for BMP9 in development (David 2007; Ricard 2012). This is feasible since BMP10 
expression is restricted to embryogenesis (Chen 2004).  
 
Hereditary haemorrhagic telangiectasia 
Mutations in the genes coding for endoglin and ALK1 proteins respectively, were identified 
as the underlying cause for the autosomal dominant disease hereditary haemorrhagic 
telangiectasia (HHT) in the mid-1990s. Type HHT1 is annotated to patients in whom ENG 
mutations are present, whereas ALK1 (or ACVRL1) mutations lead to HHT2 (McAllister 1994, 
Johnson 1996). In rare cases other genes are implicated; SMAD4, whose protein is involved 
in TGF-β signalling by being the common mediator for two divergent signalling pathways, is 
mutated in a syndrome characterised by gastrointestinal polyps and HHT-like symptoms 
(Gallione 2004). A fourth gene, whose product is implicated in TGF-beta signalling involving 
endoglin and ALK1 receptors, BMP type II receptor (BMPRII), is mutated in patients with 
pulmonary hypertension. This phenotype is also a rare phenotype seen in HHT families  
(Trembath 2001; Upton 2009). 
HHT has an incidence of approximately 1 in 5-8,000 (Porteau 1992; Kjeldsen 1999); clinical 
symptoms of HHT mostly involve recurrent epistaxis and arteriovenous malformations 
(AVM) develop in a proportion of circa 10-20% of patients, depending on the type of AVM. 
HHT is clinically diagnosed using the Curacao criteria (Shovlin 2000), where at least three 
separate criteria are met: I) spontaneous recurrent epistaxis, II) mucocutaneous 
telangiectasia at typically common sites including fingertips, lips, oral mucosa or tongue, III) 
visceral involvement, such as gastrointestinal, pulmonary, hepatic, cerebral or spinal AVM, 
IV) family history: a first-degree relative affected according to these criteria. Although the 
Curacao criteria stipulate a presence of three characteristics, often a family history and an 
AVM are sufficient for diagnosis of HHT due to the rare occurrence of AVMs in the general 
population (Govani 2009).    
Disease severity differs per patient and also within families, but the overall pathogenic 
mechanism for this heterozygous disorder is haploinsufficiency (Abdalla 2006). Various 
different types of mutations have been identified in both endoglin and ALK1; particularly in 
the case of endoglin, frameshift mutations occur most frequently (www.hhtmut.org). Some 
genotype-phenotype variation exists, with pulmonary and cerebral AVMs diagnosed more 
commonly in HHT1 and hepatic AVMs more prevalent in HHT2 (Letteboer 2006). However, 
overall mortality rates do not appear to differ between different genotypes (Kjeldsen 2005).  
The recurrent epistaxis and the internal haemorrhage loss caused by gastrointestinal (GI) 
AVMs contribute to the morbidity burden of HHT. Patients will often require nasal packing 
and laser therapy for lesions in either the nose of GI tract, in addition to blood transfusions. 
Conversely, Pulmonary AVMs (PAVMs) are usually asymptomatic until the patient 
experiences a stroke or brain abscess. Screening of HHT patients for PAVMS is therefore 
indicated, predominantly by performing thoracic CT scans, with embolization conducted 
when larger lesions are detected. Similar screening to PAVMs is in place for cerebral AVMs, 
and Doppler ultrasound screening can be used for hepatic AVMs. The clinical aspects of HHT 
are summarised in more detail in reviews by Govani & Shovlin (2009) and McDonald and 
colleagues (2011). 
 
Canonical TGF-beta cell signalling   
The critical role of TGF-β and its signalling receptors in development and cellular responses 
was eluded to earlier in this review. TGF-β is unique in its ability to both inhibit and induce 
cell proliferation during developmental processes and in tissue homeostasis (Roberts 1981; 
Roberts 1986). Although most articles use the phrase TGF-β, with this is generally meant 
TGF-β1, as is the case in this review. Together with TGF-β3, it targets the vascular 
endothelium in normal physiological circumstances to a greater extent than TGF-β2 
(Jennings 1998; Merwin 1991). This is illustrated by the high levels of TGF-beta3 found in 
umbilical cord tissue (ten Dijke 1988). TGF-β2 was first identified in glioblastoma cells and is 
expressed in neural cells during embryonic development (Flanders 1991). In contrast to TGF-
β1 and TGF-β3, which are targeted by co-receptor endoglin, TGF-β2 is bound to the co-
receptor betaglycan (Lopez-Casillas 1994). In this manner, both auxiliary receptors promote 
presentation of the different TGF-β ligands to the signalling receptor TGF-β receptor II 
(TβRII).  
Target genes are reached by TGF-β through a signalling cascade involving TGF-β receptors 
and intracellular transcription factors called SMADs (Heldin 1997; Massague 2005). In cells 
where endoglin and ALK1 are not present, TGF-β is bound by a heterotetrameric pair 
consisting of a type I and type II TGF-β receptor, ALK5 and TβRII (REFERENCE). Post-
translational modifications such as phosphorylation, ubiquitylation and sumoylation can 
influence the affinity for TGF-β and the kinase activity of the receptor complex, which 
activates the downstream SMAD proteins (Heldin 1997). TGF-β, a dimer protein complex, is 
itself not readily active and requires activation from its latent form by other molecules such 
as retinoic acid and integrins (Annes 2003).  
Suppression of cell proliferation is a core effect of TGF-β in most cell types; epithelium being 
an example. Since expression of ALK1 and endoglin is restricted primarily to the 
endothelium, the tumour suppressor effect of TGF-β is therefore achieved in most cells of a 
healthy adult person (Derynck 2001). The downstream activated SMADs can suppress 
expression of c-Myc and cyclin-dependent kinases (CDKs) and increase expression of CDK 
inhibitors p15INK4B and p27KIP1 and achieve cell senescence in this manner (REFERENCE). In 
the case of TβRII and ALK5 complex signalling, the common mediator SMAD4 (co-SMAD) will 
form a complex with a receptor-regulated SMAD (r-SMAD) that has been activated through 
phosphorylation by the receptor complex (Heldin 1997). In the case of ALK5, only the 
rSMADs SMAD2 and SMAD3 can be activated (REFERENCE). The complex, which can consist 
of three proteins such as SMAD4 and two of phosphorylated SMAD2 and/or SMAD3 in one 
complex, will then exert its transcriptional activity. Transcriptional activity will depend on 
the cell type and also on the presence of co-activators and co-repressors (see for example 
Massague 2005 for in-depth review). In contrast to r-SMADs, inhibitory SMADs (i-SMADs) 
will block the above process by binding to the TGF-β type I receptor and thereby hindering r-
SMAD from being activated (REFERENCE). SMADs have well conserved domains which 
explain how they can compete. Regulatory SMADs (SMAD1, SMAD2, SMAD3, SMAD5, 
SMAD8) and the co-SMAD have both a Mad-homology-1 (MH1) domain to bind DNA and a 
MH2 domain to bind the TGF-beta receptors, whereas i-SMADS (SMAD6 and SMAD7) only 
contain the MH2 domain (REFERENCE). Apart from the canonical SMAD signalling pathway 
for TGF-β, a host of other non-SMAD signalling pathways via TGF-β receptors have been 
identified, such as mitogen-activated kinases (MAPK) pathways (Derynck 2003; Zhang 2008). 
Combinations of available receptors, a mixture of TGF-β and other cytokines in various 
concentrations, and activation of ‘core’ SMAD and divergent MAPK pathways influence the 
way a cell will behave.  
 
TGF-beta & BMP9 signalling via endoglin and ALK1 
The homodimeric endoglin protein has a very small intracellular domain lacking kinase 
activity, and therefore plays a modulating role, whereas ALK1 phosphorylates target r-
SMADS (SMAD1, SMAD5 and SMAD8) in the same manner as ALK5 (REFERENCE). This in turn 
leads to transcription of different genes compared to those induced by the ALK5 targets, 
SMAD2 and SMAD3. In immortalised mouse endothelial cells, the presence of endoglin and 
ALK1 on the cell surface allows TGF-beta to activate SMAD1/5/8, which can also be 
activated by BMP cytokines (Suzuki 2010; David 2007; Scharpfenecker 2007). Both the ALK1 
and ALK5 mediated signalling pathways can be activated within endothelium (reviewed by 
Goumans 2008). Although not a signalling receptor in its own right, endoglin is a key 
element for effective TGF-β signalling via ALK1 (Lebrin 2004; Carvalho 2004). Not only does 
endoglin interact with ALK1 to promote downstream SMAD1/5/8 activation, it also actively 
disrupts ALK5 mediated signalling (Goumans 2003; Blanco 2005) . 
The requirement of endoglin for endothelial cell proliferation and survival is illustrated by 
the fact that endothelial cells lines could not be derived from homozygous endoglin 
deficient mouse embryonic endothelial cells (Lebrin 2004).  Conversely, overexpression of 
both endoglin and ALK1 increases cell proliferation.  Introduction of a kinase-deficient ALK1 
protein also had a detrimental effect on endothelial cell proliferation (Lebrin 2004).  There is 
conflicting published data available concerning the exact downstream r-SMAD targets for 
endoglin/ALK1, but evidence outlined below supports a model where it is mainly BMP9 
signal that is transduced by endoglin/ALK1 in vivo, rather than TGF-beta. Nevertheless, it 
has been shown that TGF-β1 added to endoglin deficient mouse endothelial cells in vitro 
does not affect Smad2 phosphorylation but fails to induce Smad1/5/8 phosphorylation; 
presence of normal endoglin protein reverses this effect (Lebrin 2004).  
Where, for TGF-beta, the net effect on endothelial cells can be partially explained in an 
experimental setting by the presence of either ALK5 or endoglin/ALK1, conflicting outcomes 
have been observed for BMP9 in vitro.  In one experiment, human primary endothelial cells 
(HUVEC) were exposed to TGF-beta, and SMAD1/5/8 proteins were not activated. Unlike 
with TGF-beta, exposure of the same cells with BMP9 did lead to SMAD1/5/8 
phosphorylation (Nolan-Stevaux 2012). Anti-ALK1 antibody interferes with both BMP9 and 
TGF-beta signalling in vitro in HUVECs, and reduction of endoglin and ALK1 mRNA affects 
expression levels of the BMP9 downstream target stromal derived factor 1 (SDF1), a protein 
induced in hypoxia and known to promote vascular remodelling (van Meeteren 2012; Young 
2012). Akin to TGF-beta’s pro-angiogenic effect when processed through endoglin/ALK1, 
BMP9 was shown to signal via endoglin/ALK1 and promote in vitro angiogenesis in the study 
by Nolan-Stevaux (2012). Proliferation of endothelial cells can also be induced by BMP9 
(Suzuki 2010). Earlier, exposure of human microvascular endothelial cells in vitro with BMP9 
and BMP10 was shown to lead to ALK1 and downstream SMAD1/5/8 activation, reversed by 
suppression of ALK1 expression and enhanced by overexpression of endoglin 
(Scharpfenecker 2007; David 2007). In contrast, Scharpfenecker (2007) and colleagues 
observed an anti-angiogenic response when bovine aortic endothelial cells (BAECs) were 
exposed to BMP9, and similar data has been obtained in murine endothelial cells 
(Scharpfenecker 2007; David 2008).   
The abovementioned studies have clearly demonstrated a vital function for BMP9 in 
angiogenesis as observed through in vitro and in vivo experiments. Furthermore, BMP9 is 
present and active in human serum (David 2008). Yet, the pro- and anti-angiogenic roles of 
BMP9 are still up for debate. The conflicting results may be borne from the different type II 
receptors that ALK1 may link up with to form a heterotetrameric complex; when processing 
BMP9 it can bind either activin receptor type II B (ActRIIB) or BMPRIIB (Townson 2012). 
Overall functional importance of endoglin/ALK1 signalling for BMP10 is less certain, since 
BMP10 expression is restricted to cardiac tissue during embryogenesis (David 2007). Figure 
1 provides a simplified outline of the respective TGF-β and BMP9 signalling pathways in 
endothelium.   
   
Biological therapy to inhibit angiogenesis 
Endoglin is expressed in human endothelium of developing and mature vessels, as well as 
being expressed at high levels in endothelium undergoing angiogenesis in normal 
physiological processes, wound healing, and within tumours (Torsney ; Goumans 2008). In 
line with the data obtained in mouse tissue, increased endoglin levels are associated with 
higher levels of endothelial cell proliferation (Lebrin 2004).  As a result of these 
characteristics, endoglin is used as a marker for tumour angiogenesis (Fonsatti 2000, 
Bredow 2000). With the rise of antibody (biologicals) therapy to target specific proteins in 
tumour tissue, and the presence of endoglin in the blood vessels of tumours, the potential 
for endoglin to be targeted for anti-angiogenic therapy in cancer was already recognised in 
the late 1990s (Seon 1997, Takahashi 2001). 
Endoglin expression not only correlates with levels of angiogenesis in tumours; protein 
levels also negatively correlate with overall survival, disease-free survival and presence of 
metastases in different types of cancers (Kumar 1999; Brewer 2000). Furthermore, 
oncological staging of different types of cancer also correlate with endoglin levels, like in the 
case of the Gleason score for prostate carcinoma (Wikstrom 2000). In vivo experiments in 
mice, involving inoculation of Lewis lung carcinoma cells into wild-type and heterozygous 
mutant endoglin mice supported not only the critical role of endoglin in initiating 
angiogenesis but also the need for endoglin to allow tumour vascularisation and growth 
(Duwel 2007). ALK1 deficiency, when targeted through genetic or pharmacological 
methodology,   (Cunha 2010).  Other reviews have earlier covered the topic of anti-
angiogenesis for endoglin (Fonsatti 2010) and ALK1 (Cunha 2011; Vecchia 2013) 
respectively. Below the three investigational medicinal products to target endoglin and ALK1 
function are presented. Current anti-angiogenic treatment for cancer patients, like 
bevacizumab, sorafenib, sunitib, and pazopanib, target VEGF signalling and patient survival 
has on average only improved moderately with resistance to therapy an issue for various 
cancers (Ellis & Hicklin, 2008; Rini & Atkins 2009; Bergers&Hanahan 2008). The potential 
therapeutic agents below may therefore in the future be trialled as a sole treatment or as an 
adjunct to chemotherapy and/or anti-VEGF therapy. 
 
TCR105 
The chimeric immunoglobulin G1 (IgG1) monoclonal antibody TRC105, developed by 
TRACON Pharmaceuticals, binds endoglin (Rosen 2012). Its murine originator, SN6j, and 
TRC105 itself inhibit tumor progression and angiogenesis in mice, and can induce apoptosis 
in endothelial cells in vitro (Uneda 2009; Seon 2011). A first-in-human phase I trial in the 
United States involving 50 patients with non-curable cancer, were given 10 mg/kg/week or 
15 mg/kg/ 2 weeks (Rosen 2012).  At time of reporting, two patients remained on treatment 
for at least 48 and 18 months, respectively, with a fraction of patients being progression-
free at four months (6 out of 44 patients). Thirty-three patients stopped treatment due to 
disease progression. Eight patients discontinued due to adverse events, with 15 mg/kg/2 
weeks causing grade 3 or 4 hypoproliferative anemia; grade 3 also developed in one patient 
on the 10 mg/kg/week dosage schedule. Infusion reactions did occur with TRC105 
treatment. However, this is a common adverse event for treatment with biologicals (Campi 
2007). Other adverse events of note were the development of telangiectasia on the trunk of 
3 patients, and occurrence of grade 4 GI haemorrhage from a gastric ulcer. This prompted 
the addition of peptic ulcer disease to the exclusion criteria of the trial protocol, in addition 
to exclusion of those patients with a marked cardiovascular disease, history of 
haemorrhage, unhealed surgical wounds, and pregnancy from the onset of the study (Rosen 
2012).  
 
PF-3446962 
The completely human IgG2 monoclonal antibody PF-3446962 is being developed by Pfizer 
and targets ALK1 (Goff 2010). In mouse and human models of angiogenesis and 
tumorigenesis, PF-03446962 suppresses both processes (Hu-Lowe 2011). A phase I study 
involving patients with solid tumours is underway to find an optimal dose for follow-up 
phase II trials (Goff 2010).  Results disclosed to date include a maximum dose applied of up 
to 6.75 mg/kg, with data available up to a dosage of 4.5 mg/kg, and no grade 3 or 4 adverse 
events observed. In parallel to using PF-03446962 as a therapeutic agent, Pfizer is also 
evaluating the use of this antibody as a biomarker for detection of ALK1-positive circulating 
endothelial cells (CEC). Early work has identified higher levels of ALK1 expressed on CECs of 
cancer patients, and a higher incidence of CECs in blood of cancer patients compared to 
healthy subjects (Mancuso 2001, Mancuso 2009), This may allow development of an assay 
to identify patients suitable for anti-ALK1 therapy and/or therapy response (Mancuso 2009). 
Dalantercept (ACE-041) 
Fusion protein ACE-041 contains of the extracellular domain of human ALK1 linked to the Fc 
portion of human IgG1 and is being developed by Acceleron Pharma under the non-
proprietary name dalantercept (Borgstein 2010). ACE-041 functions as a soluble trap for 
BMP9 and BMP10, thereby blocking downstream signalling via ALK1; it does not block TGF-
beta (Cunha 2010; Mitchell 2010)  
One phase I trial update has been published, which outlines the patient group and tumour 
types recruited – solid tumours and refractory multiple myeloma. Outcome measures 
include safety and tolerability and changes in tumour metabolism (Borgstein, 2010).  Signs 
of toxicity were observed, such as edema and fluid overload.  
Safety of anti-endoglin & anti-ALK1 therapy 
Endoglin and ALK1 not only play a role in angiogenesis in tumours, but also in vascular 
remodelling and inflammatory processes in adult mammals and therefore caution is 
warranted in relation to trials of biologicals that systemically inhibit endoglin, ALK1 or 
BMP9. Endoglin expression is up-regulated during wound healing, and also plays a role in 
the menstrual cycle in females (Kim 2001; Torsney 2002). Likewise, ALK1 has been shown to 
be induced during wound healing (Seki 2003). Cutaneous wounds inflicted on both 
heterozygous endoglin mutant and wild-type mice heal slower in the former, which was at 
least partly caused by less nitric oxide being available (Perez-Gomez 2013). Changes in TGF-
β signalling via endoglin/ALK1 at the site of the wound are not short-term; in humans higher 
levels of endoglin persist for up to a month (Torsney 2002). In females, endoglin is 
expressed in the arterial vessels of the endometrium, particularly during the late secretory 
phase and therefore may contribute to maintenance of vessel integrity function (Kim 2001; 
Zhang 2002). Vascularisation of the placenta, in mice at least and therefore conceivably in 
humans too, is also regulated via ALK1 (Hong 2007). 
Although beyond the scope of this review, in disease processes other than neoangiogenesis 
in cancer, such as pre-eclampsia and hepatic fibrosis, endoglin and ALK1 play functional 
roles (Levine 2006; Wiercinska 2006).  This illustrates that, in a cancer patient, 
endoglin/ALK1 signalling of TGF-β and BMP9 is not necessarily confined to the tumour 
environment. Theoretically, persistent systemic inhibition of endoglin or ALK1 may impact 
on wound healing, and potentially cause intermenstrual bleeding. Since haploinsufficiency is 
the pathogenic mechanism for HHT, clinical researchers involved in trials concerned with 
inhibition of endoglin or ALK1 signalling are bound to be vigilant for adverse events related 
to phenotypes seen in HHT patients, including recurrent epistaxis, arteriovenous shunts and  
pulmonary (arterial) hypertension.   
 
Conclusion 
 
Whilst numerous phase I and II trials are underway, further work is warranted to dissect 
signalling via endoglin and ALK1 at the molecular level. It remains a challenge to determine 
the exact extent to which TGF-β and BMP9 signal are propagated in vivo by endoglin/ALK1. 
Progress is complicated by the multifaceted nature of TGF-β superfamily signalling and the 
added complexity of other cytokine families that can have an impact on endothelial cell 
behaviour, such as VEGF. Interaction between endothelium and components in both blood 
and underlying tissue such as stroma, smooth muscle cells and tumour cells can also 
influence physiological outcomes. The exact role of BMP9 in mammal adulthood is not yet 
fully understood and warrants investigation in light of steps taken to systemically inhibit it 
with Dalantercept. The potential of anti-endoglin (with TCR105) and anti-ALK1 (using PF-
3446962) therapy to target neovascularisation in cancer patients is clear since endoglin and 
ALK1 are expressed primarily in active vascular endothelium. It will be intriguing to see 
whether the effectiveness of targeting this pathway outweighs any potential side effects.  
Some hallmark symptoms of HHT, like telangiectasia, have been detected in patients 
undergoing the first trials with these novel anti-angiogenic biologicals (Rosen 2012; Bendell 
2011; Goff 2011).  
 
Perspectives  
The TGF-β receptors endoglin and ALK1 transduce TGF-B and BMP9 cytokine signalling to 
promote activation and proliferation of endothelial cells in processes including angiogenesis. 
Due to their expression profiles, both endoglin and ALK1 antibody therapy are being trialled 
for treatment of various types of cancer. However, the phenotype of the genetic disorder 
hereditary haemorrhagic telangiectasia, with symptoms such as recurrent epistaxis and 
arteriovenous malformations due to haploinsufficiency, and the roles of endoglin and ALK1 
in wound healing mean there is a potential for adverse effects.  
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Table 1 – Clinical trials involving biological agents blocking endoglin/ALK1 signalling  
 
Target Study drug Company Target disease  Trial 
phase 
ClinicalTrials.gov 
identifier 
endoglin TRC105 Tracon 
Pharmaceuticals 
Inc 
Metastatic breast cancer I / II NCT01326481 
Advanced renal cell carcinoma IB & II NCT01806064 & 
NCT01727089 
Recurrent glioblastoma multiforme I / II, II 
& II 
NCT01648348,  
NCT01778530 & 
NCT01564914 
Hepatocellular cancer  I / II & II NCT01306058 & 
NCT01375569 
Advanced urothelial carcinoma II NCT01328574 
Advanced solid tumors I NCT01332721 
Ovarian / peritoneal carcinoma II NCT01381861 
ALK1 
 
PF-03446962 
 
Pfizer Ltd 
  
Advanced solid tumors I NCT00557856 
Malignant pleural mesothelioma II NCT01486368 
Advanced solid tumors I NCT01337050 
Refractory urothelial cancer II NCT01620970 
Recurrent liver cancer II NCT01911273 
BMP9  
 
Dalantercept 
(ACE041) 
Acceleron 
Pharma, Inc 
Endometrial cancer II NCT01642082 
Head & neck cancer II NCT01458392 
Advanced renal cell carcinoma II NCT01727336 
Ovarian / peritoneal carcinoma II NCT01720173 
Refractory multiple myeloma I NCT00996957 
Source: http://clinicaltrials.gov/  
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